V. CONCLUSION
A sampling frequency of about 50 Hz is sufficiently high to prevent aliasing. Furthermore, it was shown that using the Nyquist sampling theorem to interpolate the data to 1 kHz, accurate values for the peak velocity of saccades, recorded at 50 Hz, can be obtained. From these observations, it can be concluded that the presented reconstruction technique is a promising technique for improving low-frequency realtime VOG systems.
Comments on "Sliding Mode Closed-Loop Control of FES:
Controlling the Shank Movement"
Mir-Mahdi Ebrahimpour and Abbas Erfanian * Abstract-There are some essential problems with the arguments presented in the above paper about the design of a sliding-mode controller for functional electrical simulation (FES) induced control of knee-joint angle. In this note, we show that applying some approximations in derivation of the control law violates the reaching condition and could introduce some parasitic unmodeled dynamics in the sliding-mode control loop. Therefore, the proposed controller cannot force the system into a sliding-mode regime, and its ability of producing a robust control loop with good tracking performance is theoretically under question. Recently, a sliding-mode controller (SMC) was proposed in the aforementioned paper [1] for control of knee-joint angle using functional electrical stimulation of quadriceps muscle group. The authors proposed a method to deal with the problem of immeasurable state variables in a sliding-mode control design and claimed that their novel model-based nonlinear controller is able to guarantee both robustness and good tracking performance. Controversially, an in-depth review of the proposed design criteria shows that the controller cannot force the system into a sliding-mode regime and does not ensure robustness and good tracking performance consequently. Moreover, their proposed method for bypassing the problem of immeasurable state variables is inefficient and can produce chattering in a sliding-mode control loop.
Index Terms-Functional
To design the controller, the authors employed a neuromuscularskeletal model of a knee joint developed by Riener et al. The neuromuscular-skeletal model was translated into a state-space representation needed for designing the controller with four state variables (i.e., x 1 , x 2 , x 3 , x 4 ) and was split into two cascaded subsystems. The state variable x 3 was considered as the input of subsystem 1 and as an output of subsystem 2, which was driven by the input u. The state variables x 1 and x 2 were regarded as the outputs of subsystem 1. Since the state variables x 3 and x 4 are immeasurable, the authors were not able to design a full-state-feedback sliding-mode controller. However, design of a sliding-mode controller for subsystem 1 was allowed due to the special structure of the model. Denoting the sliding variable by s, the authors replaced the discontinuous term k sign(s) with the continuous term ks in the proposed control law to reduce the effect of chattering. In the next step, they used an approximate inversion of subsystem 2 to cancel out its dynamics.
Unfortunately, erroneous arguments were utilized in the design of the sliding-mode control. A sliding-mode control law must be able to force the state values of the plant to reach to a predefined sliding surface in finite time (i.e., sliding condition). One should note that the condition sṡ < 0 is not sufficient to ensure a finite-time convergence to the sliding surface and a stronger η-reachability condition is needed for this purpose as follows [2] :
The η-reachability condition can be satisfied by adding the following corrective control to the equivalent control [3] 
Consider the following second-order nonlinear system
where f (x, t) denotes an unknown bounded nonlinear function, x(t) is the state variable, and u(t) is the system input. In the design of a sliding-mode controller to force the state variable x(t) of system (3) to track a desired trajectory x d (t), the conventional definition of the sliding surface is s =ė + λe (4) where e denotes instantaneous tracking error. Using (3), differentiation of (4) with respect to time can be written aṡ
The equivalent control can be obtained by settingṡ = 0 as
The first-order sliding-mode control law is
whereû eq denotes the estimate of equivalent control. From (5) and (6), one can writeṡ
By virtue of (7) and (8), one obtains
where ζ(t) denotes bounded uncertainty in equivalent control estimation. If k > D, (9) can be written aṡ
The solution of this discontinuous differential equation is
(11) Therefore, even in the presence of uncertainty ζ(t) in (9), the sliding variable will attain zero value from a nonzero initial value in finite-time and remain zero thereafter. However, by replacing the discontinuous term k sign(s) with a continuous term ks in (7), the dynamics of the sliding variable would change from (10) to the following heterogeneous first-order ordinary differential equation (ODE)
The general solution of (12) is
Obviously, (13) cannot guarantee the finite-time convergence of sliding variable to zero from a nonzero initial value. Therefore, the proposed continuous control law cannot satisfy the η-reachability condition and reduces the feedback system to a system with no sliding mode [4] . The concept of finite-reaching-time continuous standardsliding-mode controllers can be found in [5] .
Additionally, the author's statement, "Sliding mode forces the error to decay to zero asymptotically," is not true in general. The type of sliding surface definition and the order of sliding-mode controller could change the rate and type of convergence of error to zero. For instance, higher order sliding-mode control can force the error to vanish in finite time [2] .
To approximate the inverse dynamics of subsystem 2, the authors neglected input time delay and some higher order derivative terms. Due to parametric uncertainties, approximation errors, and time-varying nature of subsystem 2, perfect cancellation of this dynamics is almost impossible and the residual will be a time-varying fast-unmodeled dynamics. Existence of these types of parasitic dynamics in series with the plant in a sliding-mode control loop can introduce chattering [4] , [6] . A chattering-like bounded oscillation can also be observed in [1, Fig. 6 ]. It should be noted that the essential characteristic of SMC is highspeed switching feedback control. However, the presence of switching imperfections in the implemented sliding-mode controller would result in chattering [3] . Moreover, subsystem 2 behaves like a low-pass filter and its output is continuous even with a discontinuous input. Thus, first-order sliding-mode control of subsystem 1 is theoretically impossible.
